Purpose: To quantify retinal microvasculature within the macular ganglion cell-inner plexiform layer (GCIPL) in primary open-angle glaucoma (POAG) and normal eyes, determine association of vessel parameters with structural and functional measures, and report diagnostic accuracy of vessel parameters.
P rimary open-angle glaucoma (POAG) is an optic neuropathy characterized by progressive degeneration of retinal ganglion cells (RGCs) and its axons, which results in characteristic excavation of the neuroretinal rim with corresponding visual field (VF) deficits. 1 Several studies have suggested that vascular factors contribute to the development and progression of glaucomatous optic neuropathy and that vascular dysfunction is an important cause of POAG. [2] [3] [4] [5] [6] [7] [8] Recent studies using optical coherence tomography angiography (OCTA) have mainly focused on the microcirculation of the optic disc and peripapillary region, and have demonstrated reduced microcirculation in glaucoma, [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] but less attention has been paid to the macula in OCTA glaucoma studies thus far. [19] [20] [21] The macula is the retinal region with the highest density of RGCs, 22 and structural measures of the inner macula have been useful in glaucoma assessment. 23, 24 Significant work now supports a strong diagnostic accuracy of ganglion cell-inner plexiform layer (GCIPL) thicknesses, as measured by OCT, for glaucoma. 25, 26 Before OCTA technology, our ability to assess the microcirculation supplying the GCIPL layer was limited, but OCTA now allows us to study the macular microcirculation in precise retinal layers.
In this study, we used an optical microangiography (OMAG)-based form of OCTA to precisely segment the GCIPL layer. 15, 27, 28 From the generated en face images, we aimed to quantify the perfused retinal microvasculature within the GCIPL layer in glaucoma and normal patients using 3 OCTA measures [vessel area density (VAD), vessel skeleton density (VSD), and vessel complexity index (VCI)], determine whether perfusion measures are associated with structural and functional measures of glaucoma, and to report the diagnostic accuracy of these OCTA measures. Characterizing the GCIPL microcirculation and assessing its associations with traditional structural and functional measures of glaucoma may provide insight into glaucoma pathogenesis and the utility of macular OCTA in early detection of glaucoma.
METHODS

Study Population and Clinical Assessment
An observational, cross-sectional study was performed on patients with POAG presenting to the glaucoma service and normal participants presenting to the optometry service at USC Roski Eye Institute, Keck School of Medicine of University of Southern California over 12 months (October 1, 2015 to September 30, 2016) . The research protocol was approved by the institutional review board and carried out in accordance with the Declaration of Helsinki. Written informed consent was obtained from each subject following an explanation of the nature of the study. The diagnosis of POAG was based on diagnosis by a fellowship-trained glaucoma specialist, incorporating clinical examination demonstrating an optic nerve rim defect (notching or localized thinning) characteristic of glaucoma. As is routine in clinical settings, retinal nerve fiber layer (RNFL) thickness and deviation maps from OCT (Cirrus HD-OCT 5000; Zeiss, Dublin, CA) were reviewed on all patients, and all glaucoma cases demonstrated focal RNFL thinning consistent with the funduscopic disc findings. For perimetric glaucoma, Humphrey Swedish Interactive Threshold Algorithm (SITA) 24-2 VFs had at least one of the 3: a glaucoma hemifield tests outside normal limits, pattern standard deviation (PSD) outside normal limits (P < 0.05), or a cluster of 3 or more adjacent points in characteristic glaucomatous locations, all of which were reduced on the pattern deviation plot at a P < 5% level. Preperimetric glaucoma eyes had the optic nerve rim defect on examination, consistent OCT findings of RNFL thinning, without qualifying VF findings. Staging of disease was based on the International Classification of Disease and Related Health Problems (ICD-9), as validated previously. 29 Normal participants in the study had a normal clinical examination including nonglaucomatous optic discs, no family history of glaucoma, and intraocular pressure (IOP) ≤ 21 mm Hg. Inclusion criteria for both glaucoma and normal groups included age 18 years and older and best-corrected visual acuity of 20/40 or better. Exclusion criteria included known media opacities (significant corneal scar or cataract); refractive error > +5.00 D or <−7.00 D; macular or other retinal or optic nerve disease; history of ocular trauma or ocular surgeries other than uncomplicated cataract and glaucoma surgery; and unreliable VF tests (< 33% fixation losses, false-negative, and false-positive results). Only images with signal strength ≥ 6 (of 10) and that were qualitatively observed to have lack of motion, media opacity (ie, vitreous opacities), or defocus artifacts were included in the study. All subjects underwent slit-lamp biomicroscopy, IOP measurement using Goldman applanation tonometry, VF testing (Humphrey Field Analyzer II-i 24-2; Zeiss), OCT imaging of GCIPL thickness (Cirrus HD-OCT 5000; Zeiss), and OCTA imaging (Zeiss Angioplex OCT Angiography; center wavelength 840 nm) acquiring 6×6 mm 2 scans of the macula. Demographic information collected from the clinical chart included age, sex, IOP, central corneal thickness, glaucoma medications, presence of diabetes or hypertension, prior ocular surgeries, VF mean deviation (MD), VF PSD, average global GCIPL thickness, GCIPL thickness within each of 6 sectors ( Fig. 1 ) and cup to disc ratio in glaucomatous and normal eyes included in the study.
VF and OCTA Image Analysis
The total MD from the VF 24-2 was recorded from the HVF output. The superior and inferior hemifield MDs were calculated by obtaining weighted averages of the total deviation values in each hemifield, using weightings provided by the manufacturer and based on the instrument's normative database. This is the same procedure used in the instrument for calculation of total MD (Zeiss).
Prototype OMAG-based semiautomatic segmentation software of the raw OCTA data were used to obtain a GCIPL en face image of the macula, as has been previously described. 30 Briefly, structural data were used to delineate the anterior border of the ganglion cell layer and the posterior border of the inner plexiform layer (IPL) on each B scan. These segmentation results were applied to the OMAG flow data. From this, vascular en face images of the GCIPL were created (Fig. 2) . Of note, because the RNFL layer is superficial to the GCIPL, there is a theoretical risk of flow projection artifact from the RNFL layer. However, we evaluated for this by creating composite correlation coefficient images and found nearly no flow projection artifact from the RNFL layer.
Following this, custom quantification software with an interactive interface was used to quantify retinal vascular density and morphology from 3 parameters for the entire macula as well as for 6 focal sectors and hemispheres of the macula (MATLAB R2016a; MathWords Inc., Natick, MA). For the 6 sectors, the areas of quantification were demarcated to match the 6 sectors from the 6×6 Cirrus OCT macular ganglion cell analysis (Fig. 1) . That is, the area consisting of the 6 sectors were demarcated by 2 ellipsoids, with the outer ellipsoid having a vertical diameter of 4 mm and horizontal diameter of 4.8 mm, while the inner blacked-out ellipsoid was 1 mm vertically and 1.2 mm horizontally. The global OCTA parameter values were based on the entire 6×6 mm scan. The original grayscale en face OCTA image of the macular GCIPL layer was converted to a binarized, black and white image using a 3-way combined method consisting of global thresholding, Hessian filter, and adaptive threshold. The area within the foveal avascular zone was selected to establish the baseline signal-to-noise ratio for global thresholding. A vessel perimeter map was created by outlining vessels in the binarized image. A vessel skeleton map was created by linearizing vessel signals into 1-pixel width.
Three vessel parameters provided distinct and biologically relevant information about microvasculature perfusion. VAD provided information about both larger vessels and capillaries; VSD placed weight on the capillary-level vasculature and thus was considered a marker for capillary density; and VCI was used to detect presence of degree of vessel branching or morphologic abnormalities (Figs. 3, 4) . From the binarized image, VAD was the unitless proportion of total sum area of pixels with detected OCTA signal (A (i,j) ; colored pixels in binarized image) divided by the total sum area of pixels in the binarized image (X (i,j) ). The pixel coordinates were represented by (i,j) within the (N×N) pixel array of the binarized image:
VSD was the sum of S (I,j) (white pixels in the skeletonized image from linearized OCTA signal divided by the sum of X (i,j) (all pixels in skeletonized image):
Finally, for VCI, P (i,j) represented pixels occupied by the perimeter image, and A (i,j) represented colored pixels in the binarized image. From this, a vessel complexity map was created. VCI was the square of the sum of all P pixels divided by 4π times the sum of all A pixels:
A ði;jÞ
:
Statistical Analysis SAS 9.4 Software (Cary, NC) and STATA 14.1 (College Station, TX) were used for all data analyses. Fisher exact and Wilcoxon rank sum tests were used to compare differences in person-specific demographics between the glaucoma and normal groups. Clustered Wilcoxon rank sum test was used to compare differences in eye-specific demographics between the 2 groups and to report differences between normal, mildmoderate glaucoma, and severe glaucoma (controlling for age and intereye correlation). Fisher exact or χ 2 tests were used to test differences in categorical variables between disease groups. Area under receiver operating curve statistics were calculated to assess diagnostic accuracy and controlled for age and intereye correlation. Because our data met all assumptions necessary for linear regression, linear regression using the generalized estimating equation were performed to assess the association of functional and structural measures of glaucoma with each OCTA parameter, controlling for age and intereye correlation, among glaucoma patients. This was done globally, for hemispheres (VF MD, GCIPL thickness), and for six sectors (GCIPL thickness). Because generalized estimating equation was utilized, pseudo R 2 values were calculated for the linear regressions in order to report the amount of variation in the dependent variable that can be explained by the model. Pearson correlation coefficients were calculated to test the agreement of quantification results between repeated testing by the same operator (test-retest reliability) and again between 2 operators (intergrader reliability), based on a subset of 8 normal and 8 glaucoma eyes.
RESULTS
criteria, 34 eyes from 23 POAG patients were studied. Of the 27 healthy eyes from 19 control subjects imaged, 21 eyes from 16 controls were included. The other 14 eyes were excluded due to poor image quality from motion artifact or media opacities such as vitreous floaters. Eighteen eyes had mild to moderate POAG (5 of which were preperimetric), and 16 had severe POAG. Of the POAG eyes, 10 eyes had both superior and inferior VF defects, 10 had superior defects, 9 had inferior defects, and 5 had neither. The average age was 62 years in the glaucoma group (61 y in mild to moderate group and 63 y in severe group) and 55 years in the normal group (P = 0.11). Nonetheless, both age and intereye correlation were controlled for in our analyses. There was no difference in gender, hypertension, diabetes, central corneal thickness, or IOP between the POAG and normal groups. In addition, it was evaluated whether hypertension was associated with any OCTA parameters, controlling for age, intereye correlation, and disease severity, but this was not found to be the case (P = 0.29). In terms of glaucoma treatment, the mild-moderate POAG versus severe POAG group were on similar medications, except the severe POAG group had more eyes on brimonidine; additionally, more of the severe POAG eyes had had glaucoma surgery (Table 1) . We also evaluated whether each of the medication classes was associated with any OCTA parameters, controlling for age and disease severity; however, none were found to have an association. As expected, there was a significant difference in VF MD and PSD, GCIPL thickness, and cup-disc ratio between the glaucoma and normal eyes, controlling for age and intereye correlation. In addition, there was significantly reduced global VAD, global VSD, and global VCI in the GCIPL microcirculation in the POAG compared with normal groups, controlling for age and intereye correlation ( Table 1 ). The test-retest reliability was > 0.9999 for each parameter, and the interuser reliability was 0.995 for VAD, 0.996 for VSD, and 0.998 for VCI.
On qualitative review of the macular GCIPL microcirculation en face images, the microcirculation in POAG showed attenuation globally and focally that appeared to increase with worsening disease severity (Figs. 3, 4) . This trend can be noted quantitatively with decreasing mean VAD, VSD, and VCI from normal to mild-moderate POAG to severe POAG. There was a significant difference in VAD, VSD, and VCI between normal and mild-moderate POAG, controlling for age and intereye correlation (P = 0.011, 0.027, 0.035 respectively). Though the trend of decreased perfusion parameters with increased disease severity was present, there was no significant difference between mild-moderate and severe POAG groups for VAD, VSD, VCI, controlling for age and intereye correlation (P = 0.12, 0.39, 0.14, respectively). Significant differences in OCTA parameters were present between normal and severe POAG for all 3 OCTA parameters (P = 0.00025, 0.0045, 0.00042, respectively). GCIPL thickness was significantly different between normal and mild-moderate POAG, mildmoderate and severe POAG, and normal versus severe POAG (P = 0.0031, 0.043, 0.0010, respectively) ( Table 2) .
In terms of sectoral values of the vessel parameters, there was no difference for each of the 6 sectors between normal versus mild-moderate POAG or between mild-moderate versus severe POAG, but some sectors did have significantly different OCTA parameter values for normal versus severe POAG. For VAD, the superonasal, inferonasal, inferior, and inferotemporal sectors were significantly reduced in severe POAG compared with normal (P = 0.0089, 0.0055, 0.0027, and 0.013, respectively). For VSD, which was a marker of capillary density, the superonasal, inferonasal, and inferior sectors were significantly reduced in the same comparison groups (P = 0.041, 0.016, 0.0028, respectively). For VCI, the superotemporal, superonasal, inferonasal, inferior, and inferotemporal sectors had significant reductions (P = 0.0056, 0.0044, 0.0015, 0.00089, 0.032, respectively). In contrast to the OCTA parameters, there was a significant difference in GCIPL thickness between normal and mild-moderate POAG (P's ranging from 0.0014 to 0.010) and between normal and severe POAG (P's ranging from 0.00067 to 0.0015) for each of the 6 sectors, and between mild-moderate POAG and severe POAG for the superotemporal, inferior, and inferotemporal sectors (P = 0.014, 0.0024, 0.0013, respectively). These analyses controlled for age and intereye correlation ( Table 2) . Table 3 reports the association of VF MD (global and hemispheric) with OCTA parameters in the corresponding regions, based on linear regressions controlling for age and intereye correlation. Globally, there were significant positive associations of global VF MD with global VAD and VCI (β = 112.1, 4.36; P = 0.0060 and 0.0080), but this was not quite significant for VSD (β = 134.7; P = 0.081). For example, for a 0.01 change in VAD, a 1.12 dB change in global VF MD is predicted. The superior VF MD was significantly associated with corresponding VAD, VSD, and VCI (β = 100.4, 152.4, 2.35; P = 0.0005, 0.0026, <0.0001, respectively), as was the inferior VF MD significantly associated with corresponding VAD, VSD, and VCI (β = 122.2, 262.5, 2.97; P = 0.0067, 0.0022, 0.0020). The pseudo R 2 values, which can be interpreted as the amount of variation in the VF MD that can be explained by the variation in the linear regression model, ranged from 0.12 to 0.29. Table 4 reports the association globally, hemispherically, and sectorally of GCIPL thickness with corresponding values for VAD, VSD, and VCI, controlling for age and intereye correlation. Globally and hemispherically, there were no significant associations. There were significant associations for the inferior sector only between GCIPL structural thickness and corresponding VAD, VSD, and VCI (β = 56.0, 87.2, 5.68; P = 0.018, 0.047, 0.024, respectively). All other sectors did not have significant associations between OCTA parameters and the structural thickness. The pseudo R 2 values for structural correlations ranged from 0.005 to 0.19. Figure 5 demonstrates the raw relationships of perfusion parameters with VF MD and GCIPL thickness. Table 5 demonstrates the diagnostic accuracy of each of the global OCTA parameters, controlling for age and intereye correlation. Diagnostic accuracy was 0.83 for VAD (P < 0.0001), 0.79 for VSD (P < 0.0001), 0.82 for VCI (P < 0.0001). There were no significant differences between each of the 3 parameters. This is in comparison to the diagnostic accuracy of global GCIPL thickness, which had diagnostic accuracy of 0.97 (P < 0.0001). 31 
DISCUSSION
Our study used a prototype semiautomatic segmentation algorithm for OMAG-based OCTA to identify the microvasculature within the GCIPL layer of the macula. We found significantly lower VAD, VSD, and VCI measurements in glaucoma compared with normal. While VAD provided total vessel area density, VSD was a marker for capillary density, and VCI was a marker for degree of vessel branching. On the basis of some interpretations of area under curve, the diagnostic accuracy for all 3 global OCTA parameters could be considered fair to good. 31 Rao and colleagues, who also studied the diagnostic accuracy of the macular microcirculation, reported a diagnostic accuracy of 0.69 for vessel density of the global macula; in contrast, we reported diagnostic accuracy of 0.83 for vessel density (VAD) for the global macula. Their study differed in the size of their macula scan (3×3 mm 2 as opposed to 6×6 mm 2 in our study), so their smaller scan size may have missed relevant ganglion cell pathology. 19 In addition, their segmentation was automatic and extended from the inner limiting membrane to the IPL, which included the RNFL. 19 Takusagawa and colleagues reported a diagnostic accuracy of 0.961 for macular vessel density also in the same segmentation zone including the RNFL. They used a 6×6 mm 2 scan size like our study but unlike both Rao and colleagues and our study, they utilized reflectance-adjusted quantification algorithms aimed to remove media artifacts, and they included only perimetric glaucoma cases, which may create more contrast between perfusion values and thus inflate diagnostic accuracy compared with a study like ours that included more mild cases. Although Campbell et al 32 have reported a distinct superficial vascular plexus extending from the internal limiting membrane to IPL based on small histology and OCTA studies, our study suggests the possibility that excluding the RNFL from macular microcirculation assessments for glaucoma may offer equivalent diagnostic ability. Larger studies with direct comparisons of various segmentation patterns and using populations of similar glaucoma severity are needed to verify this.
In terms of functional associations of OCTA vessel parameters, there were significant positive associations globally for VAD and VCI with global VF MD. For both the superior and inferior hemifield MDs, there were significant associations with all 3 OCTA parameters (VAD, VSD, VCI). On the basis of the linear regression models, a change in VF MD of about 1.00 to 1.22 dB is expected to occur with a change in VAD of 0.01, depending on the region. A change in VF MD of 1.52 dB for the superior VF and 2.62 dB for the inferior VF is expected to occur for a 0.01 change in corresponding VSD. Interestingly, microcirculation perfusion measurements did not have significant positive associations with our structural measure, GCIPL thickness, globally nor hemispherically. Only the central inferior sector of the macula showed significant association between GCIPL thickness and the three OCTA parameters.
It is interesting that OCTA measures of perfusion were significantly associated with functional measures of glaucoma both globally and in hemifields, but there was no significant association with structural measures of glaucoma in nearly all anatomic regions in our study. While Takusagawa and colleagues reported similar functional correlations to our study (R = 0.444 between VF sensitivity and superficial vascular complex vessel density vs. R = 0.452 between VF MD and GCIPL VAD in our study), Takusagawa and colleagues reported a higher correlation for structural correlation with perfusion (R = 0.804 for GCC thickness and superficial vascular complex vessel density vs. R = 0.42 for GCIPL thickness and VAD in our study). This difference may be related to the fact that Takusagawa and colleagues included the RNFL in both the structural and perfusion measures, increasing the total anatomic structures and . Bold values represent statistically significant results (P < 0.05).
corresponding microvasculature being assessed that are affected by glaucoma. While we know from studies of the peripapillary region that RNFL thickness has good correlation with perfusion in RNFL en face images, we chose to focus on the perfusion more specific to the macular ganglion cell layer and IPL. The fact that our degree of functional correlation was like that in Takusagawa and colleagues indicates that including the RNFL perfusion within the macula may not provide any additional insight into visual function beyond what the GCIPL macular perfusion provides. In contrast, Yarmohammadi et al, 20 which also studied the RNFL-GCIPL perfusion, previously demonstrated that OCTA vessel density in the macula was better associated with functional VF measures rather than structural ganglion cell complex (GCC) thickness. Further research is needed to explore these relationships.
On the basis of studies showing improved VF function after surgical glaucoma treatment, 33, 34 it has been suggested that sick RGCs that are responsible for VF defects can recover after appropriate glaucoma treatment. Studies have also shown improved ocular blood flow after glaucoma treatment. 35, 36 In the future, studying the relationship of GCIPL microcirculation to visual function in longitudinal studies could provide great insight into this hypothesis and into our ability to identify sick and potentially recoverable RGCs.
It was interesting that there were distinct differences in VAD and VCI between normal and mild-moderate POAG but none of the 3 OCTA parameters (VAD, VSD, VCI) had significant differences between mild-moderate and severe POAG. It is possible that earlier stages of POAG are characterized by distinct incremental microvascular changes with disease severity as opposed to more severe stages, which may be predominated by apoptotic RGCs with perhaps less incremental microvascular change with worsening severity. Alternatively, the distinct incremental perfusion differences at the milder end of the severity spectrum may reflect a limited dynamic range in OCTA or in our particular thresholding algorithm. For comparison, global GCIPL thickness did have significant differences with each step of increasing disease severity for this patient population, suggesting that this traditional macular OCT measure is still better at distinguishing disease severity overall compared with our global vessel parameters. Prior studies have endorsed GCIPL thickness as good at detecting glaucomatous change both early or late. 37, 38 Regardless, our preliminary data suggests GCIPL microcirculation may offer distinct information about glaucoma state than does GCIPL thickness. When evaluating differences of OCTA measurements within focal sectors across disease severity, no OCTA parameter could detect differences between normal and mild-moderate POAG, whereas VSD in the superior, superonasal, and inferonasal sectors had significant differences between the mild-moderate and severe POAG groups. This may suggest that monitoring focal capillary density within the macular GCIPL may be particularly helpful at later disease stages, whereas global VAD and VCI were better at early stages. Larger studies will be needed to verify this observation. Otherwise, the lack of significant difference with increasing increments of disease severity for most OCTA measurements within a focal sector can likely be attributed to the fact that each patient has focal losses of microcirculation in variable regions specific to their own glaucoma damage; thus, for the entire study population, VAD and VCI appeared to perform best when considering their global values across the entire macula. This finding that global macular changes perform better than focal regions for discriminating glaucoma is supported by some prior studies. 19, 39 The strengths of our study included: our segmentation algorithm that allowed us to study the GCIPL circulation specifically; our quantification algorithm which allowed us to study vessel density separately from capillary density and vessel complexity; and inclusion of milder, preperimetric glaucoma cases, which provided a more realistic representation of glaucoma patients. Limitations include its small size, 
Global VF MD cross-sectional design precluding ability to study patients longitudinally, case-control design precluding full application to a true clinic population, our lack of understanding of the effects of glaucoma treatment on macular microcirculation (although we did not see association between any medication type and perfusion parameters), and some technical limitations of a 6×6 mm 2 scanning algorithm. Namely, our 6×6 algorithm has lower resolution (17 µm/pixel) than smaller scan areas and while the FastTrac algorithm was used to reduce motion artifact, some areas of minor motion artifact still represent a limitation in some of our data. In summary, we demonstrated that GCIPL microcirculation in the macula was significantly reduced in glaucoma patients, that our global macula OCTA parameters had fair to good diagnostic accuracy, and there was more discriminating ability for global parameters than sectoral ones and at earlier rather than later stages of disease. We also demonstrated that GCIPL microcirculation appears to have better associations with functional rather than structural measures of glaucoma. Additional larger, longitudinal studies are needed to verify these ideas, should directly compare structural and functional associations, should compare RNFL-GCIPL (GCC) to GCIPL microcirculation, 23, 40 and should incorporate improved scanning and quantification algorithms as they become available.
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